Calcitonin gene-related peptide (CGRP) has inotropic and chronotropic effects in rat and guinea pig hearts. It also may mediate nonadrenergic noncholinergic regulation of canine cardiac electrophysiology. In this study, immunohistochemistry was used to determine the anatomic distribution of CGRP in mature dog heart and autonomic ganglia controlling cardiac function. 
heart and ganglia affecting cardiac function. A 37-amino-acid peptide with a 2,7-disulfide bridge and a carboxy-terminal amide group, CGRP has been shown not only to be a potent vasodilator,3-5 but also to have inotropic and chronotropic effects in the hearts of several species."6 Although CGRP has been localized by immunofluorescence methods within neural tissue in dog, rat, and guinea pig,16'7 a detailed anatomic study of this neuropeptide in the heart has not been reported for any species. We selected the dog because of this species' importance as a model for human cardiac electrophysiology. Using a polyclonal antibody to CGRP for immunohistochemical localization in adult dog hearts, we determined the distribution of NANC neural tissue in the area of the sinoatrial and atrioventricular nodes and the atrioventricular bundle (common bundle of His), as well as the working myocardium. Sympathetic and parasympathetic ganglia that mediate autonomic control of cardiac function also were investigated. The The sinoatrial node is located on the lateral aspect of the junction between the superior vena cava (svc) and right atrial appendage (raa). Panel B: The endocardial aspect of the right side of the atrioventricular septum, including the septal leaflet of the tricuspid valve (tv) is shown. The atrioventricular node is located anterior to the coronary sinus (cs), and the atrioventricular bundle penetrates the septum still more anteniorly. Panel C: The posterior aspect of the heart shows two of the epicardial fat pads where parasympathetic ganglia are concentrated. The right pulmonary veins (curved arrows) and the dimple (straight arrow) at the crus of the heart provide landmarks. ao, Aorta; fo, fossa ovalis; ivc, inferior vena cava; lv, left ventrcle; rv, right ventricle. immunofluorescence method used in other studies of CGRP-immunoreactive tissue in cardiovascular tissues. Moreover, double-staining methods and immunoultrastructure were used to identify CGRP-immunoreactive processes within heterogeneous neural tissue.
Materials and Methods
Hearts were obtained from six adult mongrel dogs. After anesthesia with intravenous phenobarbital (35 mg/kg), a lateral thoracotomy was made and the heart rapidly excised and rinsed in chilled Tyrode's solution. The various tissue blocks containing conduction tissue then were dissected from the heart: the lateral aspect of the junction between the superior vena cava and right atrium was fixed separately in Zamboni's fixative, as was the entire right atrioventricular junction adjacent to the septal leaflet of the tricuspid valve from the coronary sinus anteriorly to include several millimeters of the crista supravertricularis ( Figures 1A and 1B) . After 0.5 hour in Zamboni's fixative, these large blocks were subdivided, each smaller block being marked for orientation before an additional 2 hours of fixation. Portions of myocardium from the posterior right atrium, cephalad left atrium, and anterior and posterior right and left ventricular free walls also were taken and fixed for 2 hours. In addition, the right and left stellate ganglia (as examples of sympathetic ganglia) from four other dogs, as well as the epicardial fat pads posteriorly at the junction between the atrium and right pulmonary veins and in the inferior left atrium near the crus of the heart ( Figure 1C ) that contain parasympathetic ganglia8 were removed and fixed.
All tissue then was washed over several days in 15% sucrose in 0.1 M phosphate buffer (pH 7.3).
When completely washed, each tissue block was cut serially, and all conduction tissues and sample sections of other myocardium and ganglia were saved as 40-gm-thick sections in 0.1 M phosphate buffer at 4°C. The histology of the conduction tissues was monitored with toluidine blue-stained sections, and 20-gm-thick sections were stained with hematoxylinphloxine-saffron for orientation later. Immunohistochemistry Free-floating 40-gm-thick sections were stained in a procedure similar to that described previously. Floating 40-,um-thick sections that were incubated in primary antibody and processed for single immunostaining as above but not mounted were selected for electron microscopy. Under magnification by a dissecting microscope and with a finished slide-mounted stained section used for orientation, the area of the sinoatrial node was cut with a razor into 1-mm segments. These pieces were postfixed in 1.5% osmium tetroxide before dehydration in graded alcohols according to standard methods. They were flat-embedded in epoxy resin (Epon 812) in gelatin capsules. Each block was trimmed to include epicardium. Ultrathin sections (600 and 1,000 A) were cut with a diamond knife on a Porter-Blum MT-2B ultramicrotome, stained with uranyl acetate and lead citrate, and examined in a Philips 300 electron microscope.
Results
The dark brown-staining neural tissue containing CGRP existed as either ganglion cells or nerve processes. The CGRP-immunoreactive cell bodies were located only in the ganglia and not in the myocardium or endocardium. Nerve processes were found throughout the heart, as well as the ganglia. Stained individual nerve processes contained localized beadlike enlargements of the axoplasm along their lengths. Histologically, these enlargements resembled varicosities. In both heart and ganglia, however, the great majority of CGRP-immunoreactive tissue consisted of nerve processes coursing in nerve bundles together with nonstained nerve processes. Within each nerve bundle, CGRP was localized to only some nerve processes. There were no nerve bundles composed primarily of CGRP-immunoreactive processes. Many nerve bundles, especially those in the heart, contained varicose nerve processes, although the varicosities along these processes were fewer in number than those along individual nerve processes.
Ganglia Controlling Cardiac Function
Ganglion cells in the stellate ganglia became stained with antibody to tyrosine hydroxylase but did not demonstrate acetylcholinesterase activity, whereas those in the epicardial fat pads contained acetylcholinesterase but not tyrosine hydroxylase. A summary of the data regarding CGRP-immunoreactive neural tissue in the sympathetic and parasympathetic ganglia that control cardiac function appears in Table 1 . Ganglion cells containing CGRP were present only in the right and left stellate ganglia ( Figure 2A) ; none was found in the ganglia of the epicardial fat pads near the right pulmonary veins and near the inferior vena cava. Both right and left stellate ganglia, as well as ganglia in the epicardial fat pads, showed rare varicose individual nerve processes. In addition to the individual processes, the stellate ganglia contained several large nerve bundles with abundant smooth (nonvaricose) CGRP-immunoreactive nerve processes ( Figure 2B) ; the nerves connecting with these ganglia also had smooth nerve processes. In contrast, the nerve bundles connecting with epicardial ganglia contained only varicose CGRP-immunoreactive nerve processes ( Figure 3 ). That the majority of nerve processes within all of these large bundles was not stained suggested that the CGRPimmunoreactive nerve processes were coursing with other types of autonomic nerves. Neural Tissue Within the Heart Data regarding CGRP-immunoreactive neural tissue in the dog heart are summarized in each heart. Located at the junction of the superior vena cava and right atrium, the node was clearly recognized by the sinoatrial node artery surrounded by specialized muscle within a connective tissue matrix, immediately superior to the crista terminalis.12 '3 In sections stained with hematoxylin-phloxine-saffron, the specialized muscle consisted of small-diameter pale cells tightly packed in interconnecting fascicles. Immunohistochemical localization of CGRP showed that the adventitia and media of the sinoatrial node artery were innervated by scattered individual nerve processes with varicosities ( Figure 4) . The perivascular tissue contained many distinct CGRP-immunoreactive nerve processes coursing in numerous nerve bundles on the epicardial aspect ( Figure 5 ). Although there were a few individual nerve processes in the nodal region, the vast majority of CGRP-immunoreactive neural tissue consisted of varicose nerve processes coursing along larger nerve bundles. In contrast to the individual nerve processes within the arterial wall, the CGRP-immunoreactive processes that coursed in bundles appeared to have fewer varicosities. There were only rare individual nerve processes among the specialized muscle fibers, and there were virtually no stained nerve processes in the working muscle of the right atrium away from the sinoatrial node.
The left atrium contained far less CGRP-immunoreactive neural tissue than the right atrium. There were stained nerve processes coursing within nerve bundles scattered in the epicardium of the cephalad portion of the left atrium, as well as in perivascular spaces in the superficial epimyocardium. spaces. The posterior left atrium contained only rare CGRP-immunoreactive nerve processes in the epimyocardium away from the fat pads where the ganglia were located. Endomyocardial innervation was extremely sparse in the left atrium.
The epicardial region adjacent to the atrioventricular node contained nerve bundles including CGRPimmunoreactive nerve processes; however, the density of stained neural tissue was less than that in the region of the sinoatrial node. Several stained individual nerve processes with varicosities coursed in the Figure 6A ). Similarly, the atrioventricular bundle was very sparsely innervated by CGRP-immunoreactive individual nerve processes. The right ventricle showed scant epimyocardial innervation by CGRP-immunoreactive individual nerve processes; rare myocardial nerve processes appeared to course along perivascular spaces, but similar processes were not identified in the endomyocardial region. A few scattered nerve bundles in the epicardium of the left ventricle contained numerous CGRP-immunoreactive nerve processes along their length ( Figure 6B ). The endomyocardium contained sparse nerve processes, whereas the midmyocardium appeared noninnervated by CGRP-immunoreactive tissue. The adventitia and media of the extramural coronary arteries and immediate perivascular tissue showed moderate numbers of CGRP-immunoreactive individual nerve fibers; however, aside from the artery to the sinoatrial node, intramyocardial vessel walls were not innervated.
Heterogeneity ofAutonomic Neural Tissue
Double staining of the stellate ganglia using antibody to tyrosine hydroxylase and antibody to CGRP demonstrated that the vast majority of ganglion cells were catecholaminergic but that scattered cells contained CGRP (Figure 2A, inset) . Similarly, both catecholaminergic and CGRP-immunoreactive nerve processes were demonstrated within the same nerve bundles in the perivascular tissue adjacent to the sinoatrial node artery ( Figure 7) . That there were still nonstained nerve processes within these nerve bundles suggested that a third component of the autonomic nervous system may be represented as well. In contrast to catecholaminergic neural tissue that was present in right atrial tissue away from the sinoatrial node region, CGRP-immunoreactive nerve processes essentially were confined to the area near the artery where most were included in the heterogeneous bundles (Figure 7) . Varicose individual nerve processes in the outer media of the artery were stained either by antibody to tyrosine hydroxylase or by antibody to CGRP, but not both. There was no apparent colocalization in any single nerve process.
Electron microscopy of tissue from the region of the sinoatrial node confirmed the heterogeneity of the large nerves along the epicardial aspect. Ultrathin sections showed fascicles of nerve processes, most of which contained no reaction product. Within these fascicles (often composed of 30 or more nerve processes), there were a few scattered nerve processes demonstrating electron-dense material corresponding to immunoprecipitate (Figure 8 ). The nerves localized by this material were all of relatively small caliber. The electron-dense immunoprecipitate appeared to be distributed throughout the axoplasm; however, by the methods used in the present study, Discussion A recent study documented the presence of CGRP-immunoreactive neural tissue in the canine heart, although the distribution was not described in detail7; numerous perivascular nerves and few intramyocardial nerves were identified in both atrium and ventricle. Although we found that the extramural coronary arteries and the artery to the sinoatrial node were modestly innervated, the great majority of CGRP-immunoreactive neural tissue in the canine heart was concentrated around the sinoatrial node, as has been shown in other species.12'6 Thus, investigations of the functional significance of CGRP should focus on this region in the dog heart. Our data regarding the anatomic distribution within the heart demonstrate two points that suggest to us an efferent rather than afferent (sensory) role for this neural tissue: 1) the majority of CGRP-immunoreactive neural tissue is present within nerve bundles with virtually no individual nerve processes adjacent to muscle, and 2) there is preferential innervation of the sinoatrial node and media of large vessels. For example, the innervation of the vessel adventitia and media is consistent with the known vasodilatory effect of CGRP. In fact, a preliminary study reports CGRP receptor binding sites in coronary artery media in human, pig, and rat hearts. 15 A new finding from our study is the presence of CGRP-immunoreactive cells in the stellate ganglia. The nerve bundles with abundant smooth CGRPimmunoreactive nerve processes connecting with these ganglia likely represent the proximal portions of processes from these cells. We speculate that the CGRP-immunoreactive cells in both stellate ganglia (and possibly other sympathetic ganglia that control cardiac function) have nerve processes that extend to diverse regions of the heart, including the epicardial fat pads posteriorly where parasympathetic ganglia are located. In the parasympathetic ganglia of both the right pulmonary vein fat pad and the inferior vena cava fat pad, there were sparse varicose CGRP- paucity of these structures. Not only the relatively small segments of nerve present in our ultrathin sections, but also the cross-sectioned or oblique orientation of the nerve processes precluded optimal fine structure analysis for varicosities and specialized neuromuscular junctions. Other investigators using conventional ultrastructure techniques have reported difficulty in identifying specialized contacts between nerve and canine cardiac muscle. 18'9 An interesting histological finding in our study was the presence of structures resembling varicosities along nerve processes within nerve bundles. The 40-,um-thick sections enabled examination of relatively long segments of nerve, and varicosities were consistently present in the heart. We believe that these varicose nerve processes are the distal extensions of processes originating in the CGRP-immunoreactive cells in the stellate ganglia. Indicative of neuroeffector sites where vesicles containing neurotransmitter substances are localized,20 varicosities within nerve bundles provide structural evidence of interaction among different nerve processes. Close axo-axonal associations of 250 A have been reported in rat atrium studied by conventional electron microscopy and suggest a mechanism of neuromodulation due to direct contact among nerve processes of diverse autonomic types.21 In light of the apparent paucity of neuromuscular connections, we believe that axo-axonal interaction may be the mechanism by which CGRP-immunoreactive nerve processes modulate other autonomic neural tissue in the dog heart. Our findings -namely, 1) heterogeneous nerve bundles containing both sympathetic and varicose CGRP-immunoreactive nerve processes and 2) varicose CGRP-immunoreactive nerve processes in bundles connecting with parasympathetic ganglia -support the concept of interaction among different components of the autonomic nervous system that control cardiac function. other showed that after infusion of CGRP into the sinus node artery of dogs that had been subjected to acute surgical sympathetic and parasympathetic denervation, there appeared to be no direct effect of CGRP on impulse initiation in the region of the sinoatrial node.22 Two investigations have failed to find a significant CGRP-induced change in contractile force in canine cardiac muscle preparations.723
From these studies, however, a possible modulatory role for CGRP cannot be ruled out. Because adrenergic and cholinergic nerves mutually influence one another,21'24 it is possible that the effects of CGRP may occur at the level of sympathetic or parasympathetic ganglia. Support for this latter possibility comes from a study reported in a preliminary communication25; CGRP injected directly into epicardial sites known to contain parasympathetic ganglia appeared to attenuate the negative chronotropic action of vagal stimulation on the canine sinoatrial node.
Our study provides anatomic evidence that canine intracardiac ganglia contain CGRP-positive nerve processes, in accord with an earlier report in which such structures were demonstrated in the rat heart.6 Thus, whatever the mechanism, it is likely that CGRP affects the parasympathetic component of the autonomic nervous system in the heart. Whether this compound exerts its efTects directly or indirectly remains to be determined. Our data provide a rationale for additional study of CGRP as neurotransmitter in the canine heart.
